Abstract: Initial leaching characteristics of simulated nuclear waste immobilized in three alkaliborosilicate glasses (ABS-waste) were studied. The effects of matrix composition on the containment performance and degradation resistance measures were evaluated. Normalized release rates are in conformance with data reported in the literature. High Li and Mg loadings lead to the highest initial de-polymerization of sample ABS-waste (17) and contributed to its thermodynamic instability. Ca stabilizes non-bridging oxygen (NBO) and reduces the thermodynamic instability of the modified matrix. An exponential temporal change in the alteration thickness was noted for samples ABS-waste (17) and Modified Alkali-Borosilicate (MABS)-waste (20), whereas a linear temporal change was noted for sample ABS-waste (25). Leaching processes that contribute to the fractional release of all studied elements within the initial stage of glass corrosion were quantified and the main controlling leach process for each element was identified. As the waste loading increases, the contribution of the dissolution process to the overall fractional release of structural elements decreases by 43.44, 5.05, 38.07, and 52.99% for Si, B, Na, and Li respectively, and the presence of modifiers reduces this contribution for all the studied metalloids. The dissolution process plays an important role in controlling the release of Li and Cs, and this role is reduced by increasing the waste loading.
Introduction
Radioactive waste disposal is considered to be the last step (end point) in radioactive waste management systems [1] [2] [3] . The design of both geological and near-surface disposal facilities relies on the application of passive safety functions to ensure the containment and confinement of the radiological hazards of these wastes, where the wastes are isolated for periods sufficient to allow for radioactive decay of the short-lived radionuclides and limit the release of long-lived radionuclides [1, 2, 4, 5] . To ensure safe performance of these facilities throughout their life cycles, assessment studies have to be conducted to support the decision-making process. In these assessments, temporal evolution of engineering barriers and the dynamic nature of hydrological and biological subsystems in the host environment are considered by applying a modular approach [3, 5, 6] . In this approach, the disposal 
Materials and Methods

Glasses Preparation
Alkali-borosilicate glasses were prepared using the melt quenching technique, where powders were mixed, as indicated in Tables 2-4 , and milled to obtain homogeneous batches. These samples simulate the performance of ABS-17% Magnox (ABS-waste (17) ), Modified ABS-20% Magnox (MABS-Waste (20)), and ABS-25% Mixed oxide (ABS-Waste (25) ). The powder mixes were melted in a platinum crucible at 1060 • C for 1 h and stirred for 4 h before casting into blocks using a preheated stainless steel mould. Glasses were allowed to cool before being placed into an annealing furnace at 500 • C for 1 h then to cool to room temperature at a rate of 1 • C/min. The glasses were kindly supplied by Dr. Cassingham, N.C. and Prof. Hyatt, N.C., Immobilization Science Laboratory, The University of Sheffield, Sheffield, UK. 
Leaching Test
Glass leaching was assessed by conducting an MCC1 (ASTM C1220-10) static leaching test [11] , where glass coupons of 1 × 1 × 0.5 cm 3 were immersed in deionized water in Perfluoroalkoxy (PFA) vessels. The test was performed at 90 • C using a constant surface area to volume ratio (S/V) 10 m −1 for all samples studied. The spectroscopic analyses of the leachants as a function of time were conducted using inductively coupled plasma optical emission spectroscopy (ICP-OES). The experimental data (average of triplicates) were used to calculate four performance measures that represent temporal changes in the leaching solution composition and glass waste matrices compositions, i.e., normalized release rates (NR i , mg·m −2 ·d −1 ) and non-bridging oxygen (NBO), and its corresponding degradation, i.e., altered glass fraction (δAGF(t)) and altered thickness (ET(t), µm) [6, 10, 19, 22, 23, 33, 34] :
where C i is the measured element (i) concentration in leachant released at a specified time t (g/m 3 ), V and S are the leachant volume (m 3 ) and sample surface area (m 2 ), respectively, f i is the fraction of the element in the sample, ∆t is the time change, R x O y is the metal oxide amount, m B is the mass of boron (g), ρ is the glass density (g/cm 3 ), and SA is the specific surface area (m 2 /g).
Free Energy of Hydration
Leaching behavior can be viewed as a combination of two subsequent reactions. The first is the waste matrix hydration followed by elemental transport through the matrix and interaction with the leachant solution. Subsequently, the tendency to undergo a hydration reaction could be seen as an indication of the waste matrix instability. The hydration free energy (∆G) for glass waste matrices was correlated to the thickness of the altered glass, pH, Eh, and former normalized release rates [29, 30, 35] . The free energy of hydration reaction is expressed as an additive function of individual glass units' hydration free energies (∆G i ), as follows: 
where x i is the mole fraction of an individual glass unit (i). The hydration free energy was determined based on the assumption that the glass matrix is homogenous and the presence of crystalline phases, i.e., iron spinel, is of negligible effect on the hydration. This negligible effect is attributed to their isotropic nature that minimizes grain boundary dissolution [26] . All the metal oxides were converted into silicates except silicon, boron, aluminum, and iron and the individual hydration free energy at 90 • C was obtained as indicated by Perret et al. [35] .
Leaching Mechanisms Evaluation
Glass leaching mechanisms were evaluated based on the analysis of the experimental data to a collective model that represents the cumulative leach fraction (CLF i ) of the structural elements, modifiers, and waste oxides as superimposed leaching processes that include a first-order reaction exchange between the leaching solution and bounded element on the matrix or the formed colloides, bulk diffusion of elements throughout the matrix, congruent dissolution, and instantaneous release of loosely bounded element from the surface [6, 7, [9] [10] [11] [12] [13] [14] 36] :
where Q oi is the initial exchangeable fraction of element on the surface of the waste form, K i is the rate constant for the exchange reaction (h −1 ), U i is the glass network dissolution rate (m·h −1 ), and D i is the effective diffusion coefficient of the element (m 2 ·h −1 ) .This equation is used in conditions when saturation effects are not important, such as the initial stage of glass dissolution.
Results and Discussion
Leaching Behavior
Elemental releases (Ci) for all the studied elements show an increasing pattern with time characterized by an initial slow portion (within 7 days) followed by steep increase rates (Figures 1-3 ). The release of alkaline earth metals from MABS-Waste (20) and ABS-Waste (25) is characterized by very slow rates (Figure 1e ,f) and their normalized release rates are in conformance with published data for different ABS-waste matrices [30] . Glass formers have higher releases than that of Al and Te (Figure 2) , and increasing the metal oxide loading led to a reduction in the releases for metalloid, post-transition, and transition elements (Figure 2 ). Finally, for rare earth elements, releases are characterized by a slow increase as time passes (Figure 3) . The normalized release rates of alkali metals (Tables 5-7) are in conformance with reported data for ABS-Reactor Bolshoy Moshchnosty Kanalny (RBMK), ABS-Water-Water Energetic Reactor (WWER), K-26, and composite glass [31, 32] . Sample ABS-waste (17) has the highest normalized release rates for most of the studied elements, whereas ABS-waste (25) has the lowest normalized release rates for formers, alkaline earth elements, and transition elements. The low values of boron's normalized leach rates suggest the formation of smectite alteration phases in the three samples at extended leaching times [37] . From the abovementioned data, it can be concluded that the releases for all studied elements are monotonically increasing with time, and the changes in the slope of the release-time represent a possible change in the controlling leaching mechanisms [7, 9, [11] [12] [13] [14] 27] . NBO are formed in ABS-waste matrices due to the presence of alkali modifiers and the waste metal oxides (Equation (2)); a higher value of NBO fraction is indicative of glass matrix de-polymerization [15, 34] . The silicon-to-boron (Si/B) ratio for all studied samples is greater than 2, which highlights the role of NBO in glass degradation and refers to the neglected effect of cluster detachment in this process [38] . ABS-waste (17) has the highest de-polymerization potential due to the presence of the largest fraction of higher field strength elements, i.e., Li and Mg represent 16.9%, that enhances BO 3 and NBO cluster formation [10, 19, 39, 40] . The NBO are reduced during the progress of the leaching process due to modifiers and waste metal oxides releases; the overall NBO reduction is in the order ABS-Waste (25) > ABS-waste (17) > MABS-waste (20) (Figure 4a ). It is noted that the MABS-waste (20) sample, which is the highest polymerized matrix, has a different NBO reduction pattern that is characterized by its slowest rate of NBO reduction within the first week. This behavior is accompanied by reduced silicon and boron releases ( Figure 2b ) and nearly unleached Zn (Figure 2e ). This can be attributed to the nature of modifier incorporation in the matrix, where Ca incorporated in the vitreous structure of the matrix to compensate for the charge and Zn formed a spinel crystalline structure [10] . Although calcium has high field strength and is involved in the formation of NBO, the enhanced highest polymerization of this matrix might be related to the following [37, [39] [40] [41] :
•
The ratio between alkali and alkaline elements to boron is greater than 1, which led to enhanced calcium stabilization; • Ca silicate has a lower hydration free energy compared to alkali elements silicates, which led to lower calcium hydration and subsequently a more stable sample.
Figure 4b quantifies the effect of glass former fraction evolution during the leaching process on glass matrix de-polymerization. A reducing linear pattern is noted, where the lowest NBO fractions (0.6-0.76) are noted for the unleached samples (higher glass former fraction content). As the leaching process continues, the glass former fraction is reduced and the NBO fraction increases. The linear dependency between the formers and NBO fractions indicates that both silicon and boron sites are linked to NBO [37] . ABS-waste (17) has the highest NBO fraction, which explains its higher normalized release rate, whereas the ABS-waste (25) has the lowest fraction. The linear regression coefficients are in the range (0.994-0.999), where the highest NBO fractions of fully degraded samples are in the range (1.7-1.8), and the degradation slope is in the order ABS-Waste (25) < MABS-waste (20) < ABS-waste (17) . Table 8 shows glass matrix degradation measures. It reveals that the fraction of the degraded glass increases with time and the highest degraded sample is ABS-waste (17), which is more stable than that of international simple glass [22] . The calculated alteration thickness for modified glass is similar to that of the experimentally deduced value of sample MABS-waste (20) [10] . The relations between the calculated ET values and the leaching time (t) and the Boron releases in terms of cumulative leach fraction of boron (CLF B ) were calculated via regression as illustrated in Table 8 . The alteration thickness increases exponentially as the leaching period for ABS-waste (17) and MABS-waste (20) samples increases, whereas a linear dependence is noted with time for the ABS-Waste (25) sample. The linear dependence between the alteration thickness and the time was noted for some glass samples during a very short leaching experiment (t < 8 h) [19] . This indicates that the mechanism that controls that leaching process within the studied period is not diffusion [42, 43] . It should be noted that the formed alteration layer is inhomogeneous, as it is formed under non-equilibrium conditions, and the main driving degradation force is the matrix chemical composition within the studied period [44] . The investigations of the relation between alteration layer thickness and boron cumulative leach fraction shows a linear dependency, where the formation of the alteration layer is the most sensitive in the case of ABS-waste (17) . 
Hydration Free Energy of the Studied Matrices
The hydration free energies of the matrices were −6.7, −5.45, and −6.0 kcal/mol for ABS-waste (17), MABS-waste (20) , and ABS-Waste (25), respectively. These values refer to the spontaneous nature of the hydration reaction that is reduced with increasing the metal oxide loading. The use of calcium and zinc additives has reduced this spontaneous nature of the reaction. The contribution of the glass constituents to the hydration free energy is shown in Figure 5 . It is clear that the presence of the rare earth elements does not contribute to the hydration reaction, which is attributed to their low content and small hydration energy. These elements could be used to stabilize the hydration reaction. Alkali metals have the highest contribution to the hydration reaction and this contribution is reduced by increasing the metal oxide loading and additive presence. Transition metals have considerable effect on the hydration reaction, and this effect increases as the metal oxide loading increases. The contribution of alkaline metals, metalloids, and post-transition elements to the hydration reaction is slightly affected by the metal oxide loading or the additive presence. It should be noted that the contribution of Li and Mg to the overall hydration free energy of the sample ABSwaste (17) represents 46.73%, which is reduced to 18.92% and 27.22% for the samples MABS-waste (20) , and ABS-Waste (25), respectively. So, it could be concluded that the presence of Li and Mg had led to the higher degradation of the sample ABS-waste (17), as their presence increases the thermodynamic instability of the sample by increasing the hydration free energy. Reported studies indicated that the presence of Na-and Mg-silicates have reduced the glass stability [35] . 
The hydration free energies of the matrices were −6.7, −5.45, and −6.0 kcal/mol for ABS-waste (17), MABS-waste (20) , and ABS-Waste (25), respectively. These values refer to the spontaneous nature of the hydration reaction that is reduced with increasing the metal oxide loading. The use of calcium and zinc additives has reduced this spontaneous nature of the reaction. The contribution of the glass constituents to the hydration free energy is shown in Figure 5 . It is clear that the presence of the rare earth elements does not contribute to the hydration reaction, which is attributed to their low content and small hydration energy. These elements could be used to stabilize the hydration reaction. Alkali metals have the highest contribution to the hydration reaction and this contribution is reduced by increasing the metal oxide loading and additive presence. Transition metals have considerable effect on the hydration reaction, and this effect increases as the metal oxide loading increases. The contribution of alkaline metals, metalloids, and post-transition elements to the hydration reaction is slightly affected by the metal oxide loading or the additive presence. It should be noted that the contribution of Li and Mg to the overall hydration free energy of the sample ABS-waste (17) represents 46.73%, which is reduced to 18.92% and 27.22% for the samples MABS-waste (20) , and ABS-Waste (25), respectively. So, it could be concluded that the presence of Li and Mg had led to the higher degradation of the sample ABS-waste (17) , as their presence increases the thermodynamic instability of the sample by increasing the hydration free energy. Reported studies indicated that the presence of Na-and Mg-silicates have reduced the glass stability [35] . Materials 2019, 12, x FOR PEER REVIEW 11 of 19 Figure 5 . Contribution of the waste matrix constituents to the hydration free energy.
Leaching Mechanism of Structural Elments and Metaloids
The controlling leaching mechanism is preliminarily screened by plotting the release of structural glass elements (Si and B) as a function of square root time; linear plots indicate the diffusion-controlled process [7, 9, 11, 24, 26, 43] . Visual examination of the experimental patterns for both silicon and boron show non-linear dependency between elemental release in the leachant and the square root of time for the sample that contains the lowest metal oxide loading. As the waste loading increases, a weak linear dependency starts to appear (Figure 6a-c) . The mask of the linear dependency reflects that the dominant leaching process is congruent dissolution not diffusion [10, 24, 43] . This indicates that, as the metal oxide loading increases, the diffusion through the matrix or the ion-exchange mechanism plays an important role in determining the leaching characteristics. An earlier study on the characterization of sample MABS-waste (20) showed that ion-exchange contributed to the leaching mechanism after 7 days of the leaching experiment [10] .
To identify the controlling mechanism and the effect of the metal oxide loading on the mechanisms, the experimental data were fitted to the collective leaching model. Tables 9-11 list the fitting parameters for metalloids and post-transition elements incorporated in the waste matrices; it is obvious that diffusion only contributes to the release of boron (i.e., the diffusion coefficient has a significant value) from the highest metal oxide waste. Silicon release takes place via dissolution and a first-order reaction independently on the mixed oxide incorporation percentage. This also applies to boron release, except for low metal oxide incorporation (sample ABS-waste (17%)), where some fraction of loosely bounded boron is released. The loosely bounded boron fraction is independent of time and could be related to the reduced polymerization due to the presence of Li and Mg [38] . The maximum dissolution rates for both elements are the highest for the ABS-waste (17) sample and decreased with increasing the metal oxide loading. Figure 7a shows that linear dissolution is the main leaching mechanism that causes the release of both structural elements from ABS-waste matrices (17 and 25%). This finding is in conformance with the interfacial dissolution-reprecipitation theory that proposes dissolution of structural elements as the controlling process in the initial stage of glass degradation [39, 40, 45] . For the MABS-waste (20) matrix, the main leaching process is a first-order reaction, which could be attributed to the absence of a large ring of silica tetrahedrons that limit the water diffusion into the matrix as a result of matrix modification [40, 46] . It is clear that, as the waste loading increases, the contribution of the dissolution process to the overall release of silicon and boron decreases by 43.44 and 5.05%, respectively, and the presence of modifiers reduces this contribution by 56.19 and 65.60% for silicon and boron, respectively. 
To identify the controlling mechanism and the effect of the metal oxide loading on the mechanisms, the experimental data were fitted to the collective leaching model. Tables 9-11 list the fitting parameters for metalloids and post-transition elements incorporated in the waste matrices; it is obvious that diffusion only contributes to the release of boron (i.e., the diffusion coefficient has a significant value) from the highest metal oxide waste. Silicon release takes place via dissolution and a first-order reaction independently on the mixed oxide incorporation percentage. This also applies to boron release, except for low metal oxide incorporation (sample ABS-waste (17%)), where some fraction of loosely bounded boron is released. The loosely bounded boron fraction is independent of time and could be related to the reduced polymerization due to the presence of Li and Mg [38] . The maximum dissolution rates for both elements are the highest for the ABS-waste (17) sample and decreased with increasing the metal oxide loading. Figure 7a shows that linear dissolution is the main leaching mechanism that causes the release of both structural elements from ABS-waste matrices (17 and 25%). This finding is in conformance with the interfacial dissolution-reprecipitation theory that proposes dissolution of structural elements as the controlling process in the initial stage of glass degradation [39, 40, 45] . For the MABS-waste (20) matrix, the main leaching process is a first-order reaction, which could be attributed to the absence of a large ring of silica tetrahedrons that limit the water diffusion into the matrix as a result of matrix modification [40, 46] . It is clear that, as the waste loading increases, the contribution of the dissolution process to the overall release of silicon and boron decreases by 43.44 and 5.05%, respectively, and the presence of modifiers reduces this contribution by 56.19 and 65.60% for silicon and boron, respectively. On the other hand, the fractional releases of Al as a post-transition element and Te as a metalloid waste component are mainly controlled by the first-order reaction (Figure 7b) . A small fraction of Al release could be attributed to the instantaneous leaching of loosely bound Al in the sample (ABSWaste (17)). This fraction was not noted for the other samples; this might be due to the effect of the modifier and the decreased Al loading, where a higher Al loading can create an Al cluster and large silicon rings [38] . The contribution of the dissolution process to Te release is fairly constant independently of its loading, except for the modified sample that has a lower contribution to the dissolution.
Leaching Characteristics of Alkali and Alkaline Earth Metals
Tables 12-14 list the estimated leaching parameters, revealing that the diffusion of alkali and alkaline earth metals does not play any role in controlling their leaching behavior at any waste loading. To quantify the role of each mechanism in the overall cumulative leaching fraction, the contribution of each mechanism was plotted and is shown in Figure 8 . It is clear that congruent dissolution of Li and Cs is the major mechanism for ABS-waste (17) and MABS-waste (20) . As the metal oxide loading increases, the first-order exchange reaction becomes a dominant leaching process. The increase in the waste loading from 17 to 25% reduced the contribution of the dissolution mechanism to the release by 38.07, 52.99, and 31.25% for Na, Li, and Cs, respectively. Alkaline metal leaching is controlled by a first-order exchange reaction. This notable change in the controlling leaching process for alkali and alkaline metals could be attributed to the higher field strength of the alkaline metals that leads to glass stabilization [46] . On the other hand, the fractional releases of Al as a post-transition element and Te as a metalloid waste component are mainly controlled by the first-order reaction (Figure 7b) . A small fraction of Al release could be attributed to the instantaneous leaching of loosely bound Al in the sample (ABS-Waste (17)). This fraction was not noted for the other samples; this might be due to the effect of the modifier and the decreased Al loading, where a higher Al loading can create an Al cluster and large silicon rings [38] . The contribution of the dissolution process to Te release is fairly constant independently of its loading, except for the modified sample that has a lower contribution to the dissolution.
Tables 12-14 list the estimated leaching parameters, revealing that the diffusion of alkali and alkaline earth metals does not play any role in controlling their leaching behavior at any waste loading. To quantify the role of each mechanism in the overall cumulative leaching fraction, the contribution of each mechanism was plotted and is shown in Figure 8 . It is clear that congruent dissolution of Li and Cs is the major mechanism for ABS-waste (17) and MABS-waste (20) . As the metal oxide loading increases, the first-order exchange reaction becomes a dominant leaching process. The increase in the waste loading from 17 to 25% reduced the contribution of the dissolution mechanism to the release by 38.07, 52.99, and 31.25% for Na, Li, and Cs, respectively. Alkaline metal leaching is controlled by a first-order exchange reaction. This notable change in the controlling leaching process for alkali and alkaline metals could be attributed to the higher field strength of the alkaline metals that leads to glass stabilization [46] . 
Leaching Characteristics of the Transition and Rare Earth Elements
The leaching parameters as estimated from the nonlinear regression of the experimental data to the collective model for transition and rare earth elements are given in Tables 15-17 , and the contribution of each leaching process to the overall release fraction is presented in Figures 9 and 10 . Ru and Mo release from ABS-Waste (17) sample is only controlled by the dissolution, and the rest of the releases are controlled by the first-order model. Increasing the metal oxide loading can lead to the formation of spinels that are used to immobilize transition metal ions [10] . 
The leaching parameters as estimated from the nonlinear regression of the experimental data to the collective model for transition and rare earth elements are given in Tables 15-17 , and the contribution of each leaching process to the overall release fraction is presented in Figures 9 and 10 . Ru and Mo release from ABS-Waste (17) sample is only controlled by the dissolution, and the rest of the releases are controlled by the first-order model. Increasing the metal oxide loading can lead to the formation of spinels that are used to immobilize transition metal ions [10] . Figure 10 . Contribution of different leaching processes to the fractional release of rare earth elements.
Conclusions
Leaching characteristics of different structural elements, modifiers, and waste components were investigated for three alkali-borosilicate-mixed oxide glasses that represent different waste loadings. The main concluding remarks from this work are as follows:
1.
The normalized release rates of the studied elements are in conformance with data reported in the literature for borosilicate waste glass matrices. 2.
Elemental releases monotonically increase with time; the changes in the slope of the Release-Time represent a possible change in the controlling leaching mechanism. 3.
The high incorporation of Li and Mg in the ABS-waste (17) glass led to a high de-polymerization of glass and contributed to the thermodynamic instability of the matrix.
4.
The MABS-waste (20) glass has the slowest rate of NBO reduction due to the incorporation of Ca as matrix modifier of low hydration free energy which increased the thermodynamic stability against a hydration reaction.
5.
Rare earth elements could be used to stabilize the glass hydration reactions. 6.
The alteration thickness increases exponentially with increasing the leaching period for the ABS-waste (17) and MABS-waste (20) samples, whereas a linear dependence is noted with time for the ABS-Waste (25) sample. 7.
The alteration layer thickness is linearly dependent on boron's cumulative leach fraction and the formation of the alteration layer is the most sensitive in the case of ABS-waste (17) glass.
8.
As the waste loading increases, the contribution of the dissolution process to the overall fractional release of structural elements decreases and the presence of modifiers reduces this contribution for all the studied metalloids. 9.
The use of Zn and Ca modifiers could reduce the instantaneous release of Al. 10. The initial fractional release of alkaline earth metals and transition and rare earth elements is mostly controlled by the first-order reaction process, with notable exceptions for Mo and Ru.
